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By  Robert  R.  McWithey  and  Robert  J.  Haydilk. 
Langley  Research  Center 


SUMMARY 


\  C*  u 

Damping  measurements  ^laarve-l)een  made  on  solid  and  built-up  cantilever  beams 
in  a  vacuum  environment  to  determine.,  ^he  effects  on  structural  damping.  The 
changes  in  damping  characteristics  -are  noted  for  various  values  of  clamping 
pressure  between  beam  laminates  for  the  case  of  the  built-up  beam.  Results 
indicate'^no  significant  changes  in  structural  damping  characteristics  as  a 

result  of  exposure  to  pressures  as  low  as  1  x  10“^  torr  (0.I3  }^N/m^). 


INTRODUCTION 


The  amount  of  structural  damping  present  in  a  built-up  structure  may  be 
significantly  altered  if  the  environmental  conditions  to^hich  the  structure  is 
subjected  allow  the  phenomenon  of  cold  welding  to  occur.  In  the  case  of  built- 
up  structures^  the  sliding  motion  present  between  contact  surfaces  may  expose 
''clean"  surfaces  which  have  been  shown  to  weld  together  at  room  temperature  in 
a  vacuum  environment.  (See  refs.  1  to  ^. )  This  bonding  of  the  contact  surfaces 
would  retard  motion  between  them  which^  in  turn.,  would  result  in  a  change  in  the 
amount  of  structural  damping  present  in  the  vibrating  structure. 

Reported  herein  are  the  results  of  a  preliminary  investigation  to  determine 
the  amount  of  structural  damping  produced  by  a  simple  built-up  structure  and  the 
effect  of  vacuum  on  its  damping  characteristics.  The  units  used  for  the  physi¬ 
cal  quantities  defined  in  this  paper  are  given  both  in  the  U.S.  Customary  Units 
and  in  the  International  System  of  Units  (Sl).  Factors  relating  the  two  systems 
are  given  in  reference  5  and  those  used  in  the  present  investigation  are  pre¬ 
sented  in  the  appendix. 


TEST  APPARATUS 


Vacuum  System 

The  vacuum  system  used  in  this  investigation  (fig.  l)  consists  of  a  hori¬ 
zontal  cylindrical  chamber,  one  oil-diffusion  pump,  10  inches  (25.^  cm)  in  diam¬ 
eter,  with  water-cooled  baffle,  an  optically  dense  liquid-nitrogen  baffle,  and 
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a  kO  ft3/min  (19  din5/s)  rotary  mechanical  pump-  The  system  is  designed  for 
continuous  operation  and  is  capable  of  reaching  pressures  below  1  x  10“9  torr 
(0.15  irN/m^).  A  characteristic  pressure  history  for  the  system  with  a  clean  dry 
chamber  is. shown  in  figure  2.  The  stationary  pressure  with  a  clean  dry  chamber 

and  with  only  the  mechanical  pump  operating  is  approximately  5  X  10““5  torr 

(0.67  N/m^). 

The  chamber  is  a  vessel  of  type  504  stainless  steel  with  an  inside  diameter 
of  50  inches  (76  cm)  and  a  length  of  k8  inches  (l22  cm);  excluding  the  dished 
heads.  One  of  the  dished  heads  is  removable  to  allow  access  to  the  Interior  of 
the  chamber.  Mounted  in  the  chamber  ports  are  a  bellows- sealed  push-pull  feed¬ 
through  with  a  maximum  travel  of  2  inches  (5-1  cm)  and  a  designed  axial-force 
load  capacity  of  75  pounds  (35^  N);  one  electrical  feedthrough  containing 
54  carry-through  pins  for  internal  power  and  instrumentation;  two  sight  glasses; 
and  one  blank  disk.  The  ports  have  matching  flanges  so  that  feedthroughs  and 
sight  glasses  may  be  interchanged.  All  flanges  on  the  high-vacuum  side  of  the 
diffusion  pump  may  be  sealed  with  double  "0"  rings  to  allow  circulation  of 
liquid  coolant  or  with  copper  "0”  rings.  Flanges  on  the  high-vacuum  side  of  the 
diffusion  pump  which  are  sealed  with  double  "0”  rings  incoip)orate  f luoroelastomer 
”0’’  rings  in  the  inner  ring  and  silicone  ”0”  rings  in  the  outer  ring.  In  the 
test  program  reported  herein;  copper  "0^'  rings  were  used  on  the  electrical  feed¬ 
through  flange;  the  blank  flange;  and  the  push-pull  feedthrough  flange.  The 
exterior  of  the  chamber  is  traced  with  stainless-steel  tubing  to  allow  circula¬ 
tion  of  liquid  coolant.  Chilled  water  for  the  chamber  is  provided  by  the 
refrigeration  system  shown  in  figure  5- 

Chamber  bakeout  is  achieved  by  means  of  an  oven;  supported  on  tracks; 
which  is  rolled  over  the  chamber  during  the  bakeout  period.  (See  fig.  5*)  A 
platform  attached  to  the  chamber  support  frame  directly  below  the  chamber  serves 
as  the  oven  floor.  Bakeout  temperatures  are  thermostatically  controlled  and 
normally  are  limited  to  a  maximum  temperature  of  3^5^  ^  (4-36^  K). 

Pressure  readings  are  obtained  by  means  of  two  modified;  Bayard-Alpert  type; 
ionization  gages  located  on  top  of  the  chamber  near  the  access  door;  three  ther¬ 
mocouple  gages  located  along  the  pumping  line;  and  a  dial  gage  for  measuring 
pressures  within  the  chamber  from  atmospheric  pressure  to  1.0  torr  (l33  N/m^). 

The  approximate  location  of  these  gages  is  shown  in  figure  1.  Gage  controls 
are  mounted  in  an  instrumentation  cabinet  as  shown  in  figure  k.  Other  controls 
in  this  cabinet  include  switches  for  the  diffusion  piomp;  the  mechanical  pump; 
and  the  bakeout  oven;  and  a  six-position  theimiocouple-gage  selector. 


Test  Specimens 

The  test  specimens  were  three  cantilever  beams  machined  from  normalized 
SAE  4130  steel  to  a  root-mean-square  surface  finish  of  32  microinches  (0.81  jjm). 
The  beams  had  a  cantilever-beam  length  of  20.0  inches  (5O.8  cm);  a  nominal 
depth  of  0.25  inch  (0.64  cm);  and  a  width  of  1  inch  (2.54  cm).  Details  of  the 
beam  dimensions  are  shown  in  figure  5^  "the  three  beams ;  designated  a;  b;  and  C; 
were  solid;  rivet  fastened;  and  screw  fastened;  respectively.  The  riveted  beam 
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was  fastened  with  two  rows  of  spherical-head  rivets^  i  inch  (O.52  cm)  in  diam¬ 
eter^  each  row  consisting  of  55  rivets  spaced  longitudinally  O.6O  inch  (I.52  cm) 
apart;  and  with  their  centers  0.27  inch  (O.69  cm)  from  the  edge  of  the  beam. 

The  rivets  were  driven  tight  while  cold  and  were  assumed  to  fill  the  holes. 

Beam  c  was  fastened  with  two  rows  of  No.  6-40  socket-head  cap  screws  located 
identically  as  the  spherical-head  rivets  were  in  beam  b.  Matching  patterns  of 
tapped  holes  in  the  bottom  laminate  and  clearance  holes  in  the  top  laminate 
gave  a  radial  clearance  of  O.OO5  inch  (76  pm)  between  the  threads  of  the  screws 
and  the  top  laminate.  This  clearance  is  sufficient  to  eliminate  the  possibility 
of  contact  between  the  screw  threads  and  the  top  laminate. 


Specimen  Support  and  Deflecting  Mechanism 

The  beams  were  mounted  in  hardened- steel  clamping  blocks  on  a  stainless- 
steel  pedestal  which  was  bolted  to  a  mounting  plate  attached  to  the  chamber  wall. 
This  supporting  structure  is  shown  in  figure  6.  Details  of  the  clamping  blocks 
are  shown  in  figure  7*  may  be  seen  that  the  clamping  blocks  are  designed  to 
allow  high  clamping  pressure  to  be  applied  on  the  test  specimens  by  tightening 
the  four  bolts  which  extend  through  the  clamping  blocks  and  attach  to  the  ped¬ 
estal.  The  slots  in  the  bottom  clamping  block  make  a  push  fit  with  the  test 
specimen  and  allow  accurate  positioning  of  the  test  specimen  when  it  is  inserted 
in  the  block. 

Specimen  deflection  within  the  vacuum  system  is  attained  by  means  of  a  hook 
mechanism  attached  to  the  push-pull  feedthrough  located  in  the  bottom  chamber 
port.  (See  fig.  6.)  This  mechanism  is  designed  to  engage  and  deflect  the  beam 
downward  a  preset  distance  and  automatically  release  the  beam.  The  hook  may  be 
positioned  for  reengagement  by  returning  the  push-pull  feedthrough  to  the  up 
position.  Figure  8  shows  the  hook-mechanism  positions  during  engagement  and 
after  release  of  the  beam. 


TEST  INSTRUMENTATION 


Vertical  deflections  at  the  tip  of  the  cantilever  beam  were  recorded  during 
the  tests  by  connecting  the  output  of  a  commercially  available  optical- 
electronic  transducer  to  a  direct-recording  oscillograph.  The  transducer  com¬ 
ponents  include  a  cathode-ray  tube;  an  optical  system;  a  phototube;  and  sup¬ 
porting  electronics.  A  schematic  of  the  system  is  shown  in  figure  9*  When  in 
operation;  a  small  light  spot;  produced  by  the  cathode-ray  tube;  is  focused  on. 
the  edge  of  the  mirror  attached  to  the  tip  of  the  test  beam.  If  the  spot  of 
light  remained  stationary;  any  vertical  motion  of  the  mirror  would  result  in  a 
large  change  in  the  amount  of  light  reflected  back  to  the  phototube.  The  out¬ 
put  of  the  phototube;  however;  is  connected  to  the  deflection  plates  of  the 
cathode-ray  tube  and  drives  the  light  spot;  focused  on  the  test-beam  mirror;  in 
the  direction  of  motion  of  the  test  beam.  Therefore;  the  closed  system  formed 
by  the  cathode-ray  tube;  optical  system;  and  phototube  keeps  this  light  spot 
fixed  to  the  reflective  discontinuity  on  the  surface  of  the  test  specimen  (i.e.; 
the  edge  of  the  mirror)  and  hence;  as  the  specimen  is  deflected;  the  light  spot 
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remains  fixed  to  this  location.  The  output  from  the  phototube,  which  produces 
an  output  proportional  to  tip  displacement  of  the  cantilever  beam,  thus  serves 
as  a  measure  of  the  specimen  deflection  and  is  used  to  control  the  input  to  the 
recording  oscillograph.  Only  displacements  in  a  direction  normal  to  the  optical 
axis  of  the  transducer  may  be  measured  and  the  system  must  be  operated  in  total 
darkness.  The  instrumentation  setup  is  shown  in  figure  10. 


TEST  PROCEDURE 


General 

Tests  were  conducted  on  all  beams  at  atmospheric  pressure  and  at  reduced 
pressures  as  low  as  1  x  10“9  torr  (0.I5  |iN/m2).  The  apparatus  and  instrumenta¬ 
tion  used  permitted  only  one  beam  to  be  tested  at  a  time.  Temperature  measure¬ 
ments  obtained  from  a  beam  similar  to  those  tested  and  positioned  similarly 
within  the  vacuum  chamber  indicated  that  the  test-beam  temperature  would  not 
vary  from  room  teii5)erature  during  the  tests.  Therefore,  no  attempt  was  made  to 
control  or  measure  the  test-beam  temperature. 

After  the  test  beam  had  been  cleaned  by  means  of  a  caustic  bath  and  acetone, 
it  was  dried  with  a  hot-air  blower  and  mounted  on  the  pedestal  inside  the  vacuum 
chamber.  The  light  spot  of  the  optical-electronic  transducer  was  then  focused 
on  the  tip  of  the  beam,  and  a  test  was  made  at  atmospheric  pressure.  All  tests 
consisted  of  deflecting  and  releasing  the  beam  by  means  of  the  hook  mechanism 
and  recording  the  resultant  tip  deflection  of  the  lightly  damped  vibrating  beam 
with  the  direct-recording  oscillograph.  The  initial  tip  deflection  in  all  tests 
was  7/16  inch  (l.  1  cm).  Data  at  reduced  pressures  were  obtained  first  by  evac¬ 
uating  the  chamber  with  the  mechanical  pump  and  conducting  several  tests  between 
atmospheric  pressure  and  the  blank-off  pressure  of  the  system  with  only  this 
pump  in  operation.  The  diffusion  pump  was  then  turned  on  and  the  liquid-nitrogen 
baffle  was  Immediately  filled  with  liquid  nitrogen  in  order  to  minimize  the  back 
stream  of  oil  vapor  into  the  chamber.  Tests  were  made  at  each  decade  of  pres¬ 
sure.  The  beams  were  exposed  to  the  lowest  decade  of  pressure  (usually  the 
range  from  1  x  10-9  to  10  X  10-9  torr  (0.I3  to  I.3I  pN/m2))  for  a  period  from 
2  days  to  2  weeks  in  order  to  determine  the  effect  of  prolonged  exposure  on  the 
damping  characteristics  of  the  beam. 

In  tests  conducted  on  the  screw-fastened  beam,  screw  torque  was  adjusted  by 
using  a  torque  wrench  capable  of  applying  torque  from  0  to  30  inch-pounds  (O  to 
3.39  m-N)  for  the  settings  of  5,  10,  15,  and  20  inch-pounds  (O.56,  1.13^  1-697 
and  2.26  m-N,  respectively),  and  a  torque  wrench  capable  of  applying  from  0  to 
6  inch-ounces  (O  to  0.0h2  m-N)  of  torque  for  the  smaller  torque  settings. 


Method  of  Damping  Measurement 

The  damping  properties  of  lightly  damped  vibratory  motion  may  be  described 
by  various  methods  involving  the  ratio  of  energy  loss  per  cycle  to  total  strain 
energy  of  the  vibrating  system.  A  commonly  used  unit  employed  throughout  this 


paper  is  the  logarithmic  decrement.  By  definition  (refs.  6  and  7)^  the  loga- 
rithmic  decrement  over  one  period  of  vibration  is  given  by: 
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where  is  the  energy  dissipated  during  the  mth  cycle^  is  the  strain 

energy  present  at  the  beginning  of  the  mth  cycle  (time  of  maximum  deflection)^ 
is  the  amplitude  at  the  beginning  of  the  cycle,  and  yjjj  is  the  amplitude 

at  the  end  of  the  cycle.  If  an  arithmetic  mean  for  bm  over  n  consecutive 
cycles  is  calculated,  equation  (l)  gives 
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where  6  is  the  arithmetic  mean  value  of  the  n  values  of  logarithmic  decre¬ 
ment,  Yq  is  the  maximum  amplitude  in  the  first  cycle  being  considered,  and  y^^ 

is  the  amplitude  at  the  end  of  the  last  cycle  being  considered.  In  reducing 
data  obtained  from  the  tests  reported  herein,  the  equation  similar  to  equa¬ 
tion  (2)  which  was  used  is 
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where  6  is  the  logarithmic  decrement,  y^^  is  the  peak-to-peak  oscillograph- 

trace  deflection  after  k  cycles  (fig.  ll),  yj^^^  is  the  peak-to-peak 

oscillograph-trace  deflection  after  k+n  cycles,  and  n  is  the  number  of 
cycles  between  k  and  k+n.  The  use  of  this  equation  results  in  an  arithmetic 
mean  value  of  the  logarithmic  decrement  between  y^^  and  yj^+n*  Corresponding 

values  of  tip  deflection  were  obtained  by  converting  the  values  of  yj^,  recorded 

during  the  vibration  decay,  to  the  actual  tip  amplitude  in  inches.  These  data 
were  used  to  prepare  figures  12,  IJ,  and  l4. 


TEST  RESULTS  MD  DISCUSSION 


In  order  to  determine  the  effectiveness  of  the  support  system  in  making  the 
clamped-end  condition  of  the  beam  a  true  cantilever,  theoretical  flrst-bending- 
mode  frequencies  for  a  cantilever  beam  were  compared  with  those  obtained  experi¬ 
mentally.  This  comparison  was  made  for  each  beam  and  the  results  are  shown  in 
table  I.  The  theoretically  determined  frequencies  are  based  upon  elementary 
beam  theory  and  include  the  effect  of  the  concentrated  mass  of  the  mirrors  at 
the  tip  of  the  beam.  The  mass  of  the  rivet  heads  and  screw  heads  was  assumed  to 
be  xiniformly  distributed  along  the  length  of  the  beam.  The  experimental  fre¬ 
quency  for  the  screw-fastened  beam  was  obtained  for  a  screw  torque  of  20  inch- 
pounds  (2.26  m-N).  The  excellent  agreement  between  the  experimental  frequency 
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values  and  the  theoretically  obtained  frequencies  indicates  that  the  boundary 
conditions  for  the  test  beajn  very  closely  approximate  the  boundaiy  conditions 
for  a  true  cantilever  beam. 

Inasmuch  as  the  fixed-end  conditions  were  the  same  for  tests  on  ail  three 
beams ^  the  magnitude  of  damping  for  the  solid  beam  was  used  as  an  indication  of 
the  damping  contributions  of  the  support  system^  beam  material^  and  air  drag. 
Logarithmic  decrements  6  are  plotted  against  tip  amplitude  for  the  solid  beam 
at  two  pressures  in  figure  12.  The  curves  show  that  the  solid  beam  is  lightly 
damped  and  that^  within  the  range  of  vacuum  attained^  the  vacuum  environment  has 
no  significant  effect  on  the  damping  characteristics  of  the  beam.  Also^  for  the 
larger  amplitudes ^  the  amount  of  damping  present  is  always  slightly  greater  at 
atmospheric  pressure  than  that  at  the  reduced  pressure.  This  increase  in 
damping  is  probably  caused  by  the  damping  effects  of  the  surrounding  air. 

Results  of  reference  8  indicate  that;  for  large-amplitude  vibrations;  the 
damping  caused  by  air  pressure  drag  and  viscous-air  drag  may  become  a  signifi¬ 
cant  portion  of  the  damping  present  at  atmospheric  pressure  and  that  these  con¬ 
tributions  to  damping  become  negligible  below  10  torr  (ij  hN/m2), 

Similar  results  are  shown  in  figure  13  fo^:  the  rivet-fastened  beam.  The 
close  agreement  between  the  values  of  logarithmic  decrement  for  both  the  solid 
beam  and  riveted  beam  was  expected  inasmuch  as  the  rivets  in  the  rivet-fastened 
beam  were  driven  tight;  completely  filling  the  holes  in  the  beam.  This  method 
of  fabrication  precludes  relative  motion  between  the  laminates;  virtually  elim¬ 
inating  slip  damping. 

The  most  interesting  data  resulted  from  the  tests  on  the  screw-fastened 
beam.  These  tests  were  conducted  both  at  various  ambient  pressures  and  at  var¬ 
ious  values  of  screw  torque.  Curves  of  logarithmic  decrement  plotted  against 
tip  amplitude  obtained  from  the  test  data  for  the  various  test  conditions  are 
shown  in  figure  l4.  It  should  be  noted  that  the  curves  of  figure  l4  represent 
the  total  damping  present  in  the  beam.  The  contribution  due  to  slip  damping  is 
the  difference  between  values  of  logarithmic  decrement  for  the  solid  beam 
(fig.  12)  and  values  of  logarithmic  decrement  given  in  figure  l4  for  corre¬ 
sponding  amplitudes.  ThuS;  figure  l4(a)  indicates  that  slip  damping  is  a  sig¬ 
nificant  portion  of  the  total  damping  present  for  a  screw  torque  of  0.375  inch- 
pound  (0.0423  m-N);  whereas  the  damping  curves  for  the  remaining  values  of 
screw  torque  shown  in  figures  l4(b)  to  (e)  indicate  that  slip  damping  is  not  a 
significant  portion  of  the  total  damping.  The  characteristics  of  the  curves  in 
figure  l4(a)  differ  from  the  comparable  curves  in  figures  12;  13^  and  l4(b)  to 
(e)  in  two  other  respects.  First;  the  slopes  of  the  curves  in  figure  l4(a) 
decrease  with  increasing  amplitude;  whereas  the  comparable  curves  indicate  an 
increase  in  slope  with  increasing  amplitude.  Second;  the  damping  curve  obtained 
for  the  low  ambient  pressure  in  figure  l4(a)  indicates  a  substantially  higher 
logarithmic  decrement  at  the  lower  amplitudes.  Although  errors  in  the  indicated 
values  of  logarithmic  decrement  in  figure  l4(a)  may  vaiy  from  ±4  percent  at  the 
high  amplitudes  to  ±50  percent  at  the  low  amplitudes;  the  characteristics  of  the 
curves  were  confirmed  by  repeated  tests  both  at  atmospheric  pressure  and  at 
reduced  pressure  for  this  value  of  screw  torque. 

A  clear  explanation  for  the  variation  in  slope  of  the  slip-damping  curves 
would  involve  an  analysis  in  which  an  inertia  loading  along  the  length  of  the 
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beam  would  be  used  in  place  of  a  concentrated  force  at  the  tip^  as  was  done  in 
reference  9.  The  inertia  loading^  of  course^  makes  the  shear  at  the  interface 
a  function  of  position  along  the  length  of  the  beam  and  greatly  increases  the 
complexity  of  the  analysis.  However^  the  gross  results  in  reference  9  the 
preslip  condition^  which  are  comparable  to  the  results  in  figure  l4(a)^  indicate 
that  in  the  range  of  small  amplitudes  a  large  increase  in  slip  damping  occurs 
with  increasing  amplitude.  Also^  the  slopes  of  the  comparable  curves  in  refer¬ 
ence  9  range  from  some  relatively  large  positive  value  at  the  lower  amplitudes 
to  zero  at  amplitudes  corresponding  to  a  logarithmic  decrement  value  of  approxi¬ 
mately  0.75- 

An  explanation  for  the  change  in  slip  damping  due  to  variation  in  ambient 
pressure^  as  shown  in  figure  l4(a)^  was  found  in  the  results  of  additional  tests 
conducted  at  atmospheric  pressure  at  various  screw  torques.  The  results  of  these 
tests  are  shown  in  figure  15*  It  may  be  seen  from  the  figure  that  only  low 
values  of  screw  torque  produce  significant  effects  on  damping.  The  test  point 
shown  for  zero  screw  torque  is  the  approximate  amoimt  of  damping  present  for 
both  the  solid  beam  and  the  built-up  beam  with  all  screws  removed.  Therefore^ 
the  damping-torque  curve  passes  through  some  maximum  value  between  zero  and 
1  inch-pound  (0.II5  m-N)  of  torque.  This  result  is  in  agreement  with  the 
results  found  in  reference  9^  which  show  that  at  zero  clamping  pressure  the 
slip  damping  is  zero^  and  at  high  clamping  pressures  the  slip  damping  again  is 
zero;  at  some  intermediate  clamping  pressure  the  slip  damping  reaches  a  maximun 
value.  From  figure  15;  it  can  be  seen  that  maximum  slip  damping  would  occur 
for  a  screw  torque  slightly  greater  than  0.375  inch-pound  (0.042  m-N). 

Thus^  the  following  explanation  for  the  observed  increase  in  damping  at 
the  low  ambient  pressure  may  be  formulated.  The  force  producing  the  slip 
damping  is  the  frictional  force  present  at  the  interface  of  the  beam  laminates 
and  has  a  value  equal  to  the  product  of  the  coefficient  of  friction  \i  and  the 
normal  force^  which  is  comparable  to  screw  torque.  Consequently^  curves 
describing  damping  as  a  function  of  normal  force^  or  screw  torque^  for  con¬ 
stant  jj.  would  have  characteristics  identical  to  those  describing  damping  as 
a  function  of  jj.  for  constant  screw  torque.  Therefore^  curves  of  slip  damping 
plotted  against  p  for  values  of  screw  torque  less  than  that  producing  maximxmi 
slip  damping  (such  as  the  value  of  0.375  inch-pound  (0.042  m-N))  would  have  a 
positive  slope  until  the  product  of  p  and  the  screw  torque  exceeded  that 
which  produces  maximum  slip  damping.  Consequently^  the  increase  in  damping  as 
noted  in  figure  lh{a)  at  the  low  ambient  pressure  would  occur  as  a  result  of  an 
increase  in  p.  The  result  shown  in  figure  l4(a);  therefore^  should  be  expected 
if  some  cold  welding  is  occurring  at  the  interface  of  the  beam  laminates. 

Similar  arguments  may  be  used  to  explain  either  decreases  or  no  changes  in 
slip  damping  with  changes  in  ambient  pressure  using;  respectively^  either  the 
negative  slope  portion  or  the  zero  slope  portion  of  the  curve  shown  in  figure  15* 

The  beam  frequency  was  nearly  constant  over  the  range  of  torques  used;  with 
the  exception  of  the  condition  for  zero  torque.  (See  fig.  I6. )  The  nearly  con¬ 
stant  frequency  results  indicate  that  even  a  relatively  small  clamping  pressure 
causes  approximately  integral  beam  vibration;  that  iS;  the  effective  moment  of 
inertia  of  the  beam  cross  section  remains  nearly  constant.  The  frequency  value 
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for  the  beam  at  zero  screw  torque  is  what  would  be  expected  for  the  two  laminates 
acting  independently. 


CONCLUDING  REMAEKS 


An  investigation  to  determine  the  effect  of  a  vacuum  environment  on  slip 
damping  was  conducted  using  three  cantilever  beams  as  test  specimens.  One  of 
the  test  specimens^  a  solid  beam,  was  used  to  measure  the  amount  of  damping 
present  in  the  support  apparatus  and  beam  material  in  the  absence  of  slip 
damping.  The  other  test  specimens  were  built-up  beams,  one  of  which  had  rivet- 
fastened  laminates,  and  the  other  screw-fastened  laminates. 

Slip  damping  was  found  to  predominate  only  in  the  screw-fastened  beam  at 
low  values  of  screw  torque,  and  test  results  indicated  a  slight  increase  in 
damping  due  to  the  vacuum  environment.  An  eJip)lanation  for  this  phenomenon  is 
given  based  upon  work  by  Goodman  and  Klumpp  (journal  of  Applied  Mechanics, 
September  1956)  and  the  occurrence  of  cold  welding. 

In  tests  in  which  slip  damping  is  insignificant,  no  changes  in  damping 
characteristics  were  observed  between  the  atmospheric-ambient-pressure  tests 
and  low-ambient-pressure  tests  other  than  a  slightly  greater  damping  value  at 
large  amplitudes  at  atmospheric  pressure  due  to  air  damping.  The  magnitude  of 
damping  was  nearly  constant  for  the  various  test  conditions  and,  except  for  the 
condition  of  zero  torque,  the  beam  frequency  was  nearly  constant. 


Langley  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Langley  Station,  Hampton,  Va. ,  June  25,  1965- 
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APPEKDIX 


COlWERSION  OF  U.S.  CUSTOMARY  UNITS  TO  SI  UNITS 


The  International  System  of  Units  (Sl)  was  adopted  by  the  Eleventh  General 
Conference  on  Weights  and  Measures,  Paris,  October  i960,  in  Resolution  No.  12 
(ref.  5)*  Conversion  factors  for  the  units  used  herein  are  given  in  the  fol¬ 
lowing  table: 


Physical  quantity 

U.S. 

Customary 

Unit 

Conversion 

factor 

(*) 

SI  unit 

Length 

inch 

0.0254 

meters  (m) 

Pressure 

torr 

133.322 

newtons  per  square  meter  (N/m^) 

Temperature 

(Op  +  459.67) 

5/9 

degrees  Kelvin  (‘^K) 

Torque 

inch-pounds 

0.112985 

meter- newton  (m-N) 

Torque 

inch- ounces 

0.000706 

meter- newton  (m-N) 

Force 

pounds 

4.448 

newtons  (N) 

Miscellaneous 

ft^/min 

0.000472 

cubic  meters  per  second  (m^/s) 

^Multiply  value  given  in  U.S.  Customary  Unit  by  conversion  factor  to 
obtain  equivalent  value  in  SI  unit. 


Prefixes  to  indicate  multiple  of  units  are  as  follows: 


Prefix 

Multiple 

micro  (p) 

10"^ 

milli  (m) 

io"5 

centi  (c) 

10"  2 

deci  (d) 

10"^ 

hecto  (h) 

10^ 
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TABLE  I.-  THEORETICAL  AJND  EXPERIMENTAL  FIRST -BENDING-MODE  FREQUENCIES 


Beam  specimen 

Frequency^  cps 

Theoretical 

Experimental 

Solid 

20.189 

20.061 

Rivet  fastened 

19. 7^1-0 

19.658 

Screw  fastened 

19.691 

^19.057 

'Obtained  for  a  torque  of  20  inch-pounds  (2.26  m-N) 
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Pressure , 
torrs 


1 


Time,  hr 


Figure  2.-  Characteristic  pressure  history  for  vacuum  system. 


pressure , 
hN/m^ 


13 


Refrigeration  s 


32  cm: 


IT 


Figure  6.-  Supporting  structure  for  test  specimens. 


Top  cl  amp i ng  block 


Figure  7.-  Details  of  test-specimen  clamping  blocks. 


Power  supply 


22 


Figure  10.-  Test  instrumentation  for  damping  measurements.  L-63-1985. 1 


Figure  12.-  Variation  of  logarithmic  decrement  6  with  tip  amplitude  for  solid  beam;  n  =  10  cycles. 


-fastened  beam. 


T  i  p  amp  I  i tude ,  cm 


0  .05  .10  .15  .20  .25  .30  .35  .40  .45 


T i p  amp  I  I tude ,  in. 


T i p  amp  1  i tude ,  cm 


0  .05  .10  .15  .20  .25  .30  .35  .40  .45 


T I p  amp  I  i tude ,  i n . 

(e)  Torque  on  screws  =  20  inch-pounds  (2.26  M-N);  n  =  10  cycles. 
Figure  14.-  Concluded. 
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Screw  torque , 


NASA-Langley,  1965 


L-5578 


Screw  torque,  in— lb 


*^The  aeronautical  and  space  activities  of  the  United  States  shall  he 
conducted  so  as  to  contribute  ...  to  the  expansion  of  human  knowl¬ 
edge  of  phenomena  in  the  atmosphere  and  space.  The  Administration 
shall  provide  for  the  widest  practicable  and  appropriate  dissemination 
of  information  concerning  its  activities  and  the  results  thereof. 

— National  Aeronautics  and  Space  Act  of  1958 
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